We propose a miniature rotating mirror system using a micro-ultrasonic motor that employs a 45 • angle mirror as its rotor for enlarging the angle of view of cameras. The motor assy, measuring 2 mm in diameter and 4 mm in length, is one of the smallest motors and is expected for medical applications such as endoscopes. In this paper, we build a micromirror assembly, install it into a visual feedback system with an optical system, and demonstrate a motor control with a quick and wide angle-of-view observation. The high-speed camera vision embedded in the system measures the quick motion of the motor in real-time and enables accurate positioning of the mirror angle by p-control using burst waves. The proposed system demonstrates the visual feedback control of the miniature rotating mirror to the angle information obtained by the high-speed camera. The feasibility of the mirror system driven by the micro-ultrasonic motor is shown via demonstration.
I. INTRODUCTION
Certain medical devices require a miniature rotating mirror for enlarging the range of view. One of the expectable applications is endoscopes that examine the interior of hollow organs of the body. Most of the current endoscopes can bend and change the orientation of ends by operation of endoscopists to observe a wider range of the interior. This task is necessary for recent endoscopy, but manipulating the endoscopes needs time when looking for diseases. To reduce the manipulation time and improve the quality of inspection technology, the new mechanisms and control strategies of bending endoscopes have been studied [1] . The most commonly used technology is a wire traction mechanism driven by large electromagnetic motors located outside the body. It makes endoscopes bendable without enlarging the diameter, but a fast observation is difficult because of the complicity of the mechanisms. Shaped memory alloys (SMA) are also suited for slender applications [2] , [3] , but the driving The associate editor coordinating the review of this manuscript and approving it for publication was Yingxiang Liu . principle using heat expansion makes the control difficult. Pneumatic actuators have a softness and compliance [4] , [5] , but the overall system having a compressor, tubes, and valves make them large and complicated.
The use of a micromotor with a tiny rotating mirror is a promising technology to expand the angle of view quickly. However, there is no micromotor implementable into a limited space such as the inside of endoscopes. Many miniature motors have been proposed using several driving principles [6] , such as an electromagnetic motor [7] , [8] , an electrostatic motor [9] , [10] , and an electro-conjugate fluidic motor [11] , but their sizes are large or their output torques are small for endoscopes. Ultrasonic motors [12] are expected as a micromotor because of their simple structure and high torque density [13] - [16] . A miniature ultrasonic motor of 4.5 mm in diameter is practically employed into an automatic calendar movement mechanism in watches [17] . Further miniaturization has been attempted with cylindrical stators (approximately 1.5 mm in diameter and 5 mm in length) [18] , [19] , but they are still too large as an actuator for a rotating mirror.
We have proposed and developed the micro-ultrasonic motor using a metallic cubic stator with a hole. After demonstrated the first micro-ultrasonic motor using one cubic millimeter stator [20] , the motor outputs were improved with an optimized preload [21] .Output torques obtained in experiments are much larger than comparable-sized ultrasonic motors [22] , [23] . Now, this is the smallest motor that satisfies the output specification to spin a tiny mirror for a quick and wide angle-of-view observation. However, the orientation sensing and control strategies have not been studied. One difficulty of controlling the micro-ultrasonic motor is that its size is too small to be used with an internal sensor.
In this paper, we propose the miniaturization of a rotating mirror device by the micro-ultrasonic motor and its control strategy. Visual feedback control using mirror images is employed because no tiny sensor attachable to the one cubic millimeter stator exists. The use of a high-speed camera enables the recognition of a feature in mirror images of the tiny mirror that accelerates rapidly. Using the feedback system, we investigate how much response and accuracy the resulting mirror system can achieve within the milli-secondorder control loop. The contributions of this paper are summarized as follows.
(1) The first feedback control of the micro-ultrasonic motor is demonstrated. The use of a high-speed visual feedback system enables the control of the micromotors with a quick response that reaches the maximum speed within milliseconds. (2) The experiments show the feasibility of the miniature rotating mirror with a quickness and a wide range of motion. Although the optical system is still large, they can be miniaturized in principle for medical applications such as endoscopes.
The rest of this paper is organized as follows. In section II, we describe the dynamic model of the micro-ultrasonic motors and the control strategy of the torque and angular velocity. Section III details the visual feedback system with an optical system and a high-speed camera. In section IV, we demonstrate a step response and a tracking experiment using the visual feedback control system.
II. MODELING AND CONTROL STRATEGY A. MODELING FOR CONTROL OF ANGLE AND ANGULAR VELOCITY
First, we explain the driving methodology of the microultrasonic motor briefly. (The detail of the driving principle has been explained in [20] ). Four piezoelectric elements, PZT1-PZT4, are adhered to the metallic cube as shown in Fig. 1(a) . The stator uses a vibration mode that excites three waves along the circumference of the through-hole ( Fig. 1(b) ). To excite this vibration mode, voltage E 1 = A E sin(2πf E t) and its reversed phase voltage E 3 = −A E sin(2πf E t) are applied to PZT1 and PZT3, respectively.
(A E and f E are the amplitude and frequency of the applied voltages, respectively). When these voltages are applied, PZT1 expands and PZT3 contracts or vice versa, and the three-wave mode is excited in the stator. Likewise, when voltage E 2 = A E cos(2πf E t) and its reversed phase voltage E 4 = −A E cos(2πf E t) are applied to PZT2 and PZT4, respectively, the stator generates another three-wave mode with a wavelength difference of π/2. When these voltages are applied simultaneously, two three-wave modes are excited inside the through-hole and the combination of these three-wave modes produces a traveling wave. While producing the traveling wave, an elliptical motion arises on the inner surface of the stator and spins the mirror.
Let us describe the motion of the micro-ultrasonic motor by an equation of motion. In the existing literature, it is known that the angular velocity of ultrasonic motors can be modeled as a first-order lag system [24] , even to micro-ultrasonic motors. Considering that the micro-ultrasonic motor generates a torque τ and its rotor spins with angular velocity ω, the equation of motion is expressed as
where I is the moment of inertia of the rotor (mirror), and c is a damping coefficient determined from the vibration velocity of elliptical motions [25] . There should be an inherent friction torque in (1), but it can be ignored because it is much smaller than the other terms. Solving (1), the angular velocity is obtained as
This shows the first-order lag response of the angular velocity. Now we consider the proportional control (p-control) for the angle of the rotor. Another expression of (1) is that of using the angle θ. By replacing the angular velocity ω with an angle θ, the equation of motion is rewritten as
When torque τ is in proportion to the error from the desired angle θ d , the proportional controller is given as
where k p is a proportional gain. Substituting (4) to (3), the equation of motion for expressing the behavior of the VOLUME 8, 2020 angle θ is obtained by the second-order lag system.
where k p θ is a virtual elastic term that stops the present angle at the desired angle. In general, the equation of motion (5) has three kinds of solutions depending on the damping coefficient ζ :
Assuming that an ideal response is obtained at ζ = 1, the angle θ is obtained by solving (5):
where ω n is the natural frequency of the rotary system and determines the response speed of the system:
At the initial angle (θ = 0) in (4), the gain k p is a constant computed from the motor torque and the desired angle in (8) .
Hence ω n is also given as a constant of the system without adjusting its value.
B. BURST WAVE CONTROL FOR TORQUE AND ANGULAR VELOCITY
For control of the angle of the rotor, a controller is required to change the torque in (4). We employ a burst wave control that turns the high-frequency voltages E 1 to E 4 on and off [26] , [27] . The wave repeating on and off with respect to an alternative current/voltage is called ''burst wave.'' Fig. 2 shows how to make a burst wave. As shown in Fig. 2(a) , a function generator can generate a high-frequency voltage. A controller generates a control signal with a duty ratio D, the ratio of the pulse width time T w to the period T , as shown in Fig. 2(b) . It sends the control signal to the function generator and switches its output on and off. The output voltage from the function generator becomes a burst wave, which is the product of the original wave and the control signal, as shown in Fig. 2(c) . Furthermore, the highfrequency burst wave is sent to an amplifier and is amplified. Applying the burst wave to all voltages E 1 to E 4 , the torque of ultrasonic motors changes with response to the duty ratio. Hence, the torque can be controlled by manipulating the duty ratio of the control signal as a control input. The burst wave control with on-and-off-based manipulation is similar to pulse-width modulation (PWM) control used for electromagnetic motors, although the type of voltages differs. Seeing a minute period of motion, the angular velocity is uneven as shown in Fig. 2(d) . E.g, the angular velocity of the rotor shows a transient time, although it depends on the moment of inertia and the applied voltages. To evaluate the angular velocity, we define the average angular velocity ω a , which is the ratio of an angular displacement θ to the period T of the burst wave: where ω peak is the peak angular velocity. It nearly equals the product of the duty ratio and the peak angular velocity, assuming that the time constant is small. The response time that the torque reaches the peak is much faster than the transient time of the angular velocity. This is because the elliptical motion of the micro-ultrasonic motor reaches the steady state within or less than sub-milliseconds. The average output torque τ a during the period T is estimated as
where τ peak is the peak torque of the micro-ultrasonic motor. This average torque is used as a manipulating torque τ for p-controller in (4): As the angle θ approaches to the desired angle θ d the torque decreases by the change of the burst wave in (10) .
III. EXPERIMENTAL SETUP
To execute a feedback control, angle sensors are necessary, but existing sensors are much larger than our one-cubic millimeter stator. We propose a visual feedback control system of the micro-ultrasonic motor without attaching any sensors. A high-speed camera with a frame rate of over 1000 fps is used in the system because the response of the micro-ultrasonic motor is much faster than the frame rate of common cameras.
A. ROTATING MIRROR USING MICRO-ULTRASONIC MOTOR Fig. 3 shows the micro-ultrasonic motor with a tiny rotating mirror. The metallic part of the stator is a single bronze cube with a side length of 1 mm and a through-hole of diameter 0.7 mm. Four piezoelectric plates (C-213, Fuji ceramics, Fujinomiya, Japan) with side dimensions of 1 mm × 0.8 mm and thickness of 0.3 mm adhere to the four sides of the bronze cube using an epoxy adhesive. The rotor with a 45 • rod mirror is inserted into the stator hole. The stator and the rotor are pressured by the microcoil that generates a preload in the axial direction, as shown at the left side of the stator in Fig. 3 . The preload can be known from the product of the spring compression and the spring constant. In this prototype stator, a preload of 1 g is roughly estimated, which is approximately one fifth of the peak preload of using the same stator [21] . This is because a higher preload enlarges a torque and an angular acceleration and results in the higher response that the high-speed camera cannot track.
B. OPTICAL LENSES SYSTEM
Let us consider the optical coupling of the rotating mirror and a camera. The simplest way is to place the camera just behind the rotating mirror. However, it restricts the feasible angle of view (AOV) significantly, since the aperture diameter of the rotating mirror is quite small. Furthermore, a part of the rays corresponding to an image point is stopped due to the size of the rotating mirror as the blue ray bundle shows in Fig. 4(a) . This causes a reduction in the illumination at the image point not on the optical axis (vignetting) [28] . This phenomenon also decreases the AOV substantially. Thus, AOV would be too small for most medical applications. To overcome this restriction, some special optical lenses called pupil shift system were adopted [29] , [30] . The pupil shift system transfers the position of the pupil of the camera lens to the rotating mirror as shown in Fig. 4(b) . The pupil is a place where an aperture is placed to limit the range of incident ray [30] . This means that all the incident ray fan has the minimum cross-section-area at the pupil. The pupil shift lens transfers the camera pupil to another place in front of the camera lens optically. If we place the rotation mirror at the shifted pupil position, almost all the incident ray bundles can be reflected by the mirror. Thus, significantly larger AOV can be achieved even with the small mirror for the micro-ultrasonic motor. In the figure, the mirror diameter and the pupil diameter of the camera are represented equally. However, in actual experiments, the mirror diameter was 1 mm, and the camera entrance pupil diameter was set to be 3 mm. Thus, the pupil transfer system designed to couple them was used in the experiments. Fig. 5(a) shows the visual feedback control system. The tiny rotating mirror is installed into a jig connected to the motor drive system. Through the optical lenses system, a high-speed camera observes a rotation of the mirror and a reflection view from the mirror. To simplify the experiments, ordinary-sized camera and lenses are used in this paper, but they can be compacted by redesigning the optical systems. That is, the optical system can work in principle when miniaturized. The images obtained by the high-speed camera are processed by a real-time image processing system (IDP-express R2000, Photron, ltd., Japan) embedded in a control PC. The image processing software can track the movement of the rotating mirror. (A marker is attached to the mirror for pattern matching in experiments). The resolution of the high-speed camera by the image processing is 1 degree. The control signal for the burst wave is created by the control PC and is sent to the wave generator through a signal output interface. After accepting the control signal, the wave generator repeats on and off in response to the duty ratio and generates burst waves. The system has a control frequency of 500 Hz and the resolution of the duty ratio is 0.1. As the control angle approaches to the desired angle, the controller changes the duty ratio.
C. VISUAL FEEDBACK CONTROL SYSTEM
Two burst waves are generated using a wave generator with two channels (WF1974, NF Corp., Yokohama, Japan) and amplified by power amplifiers (HSA4052, NF Corp.), as shown in Fig. 5(b) . In addition to the amplified voltages, transformers generate voltages with reversed phases. For example, when voltage E 1 with a sine phase is input, voltage E 3 with a negative sine phase is output.
IV. EXPERIMENTS
First, we confirm the generation of the burst wave and examine how the angular velocity changes by the duty ratio. Second, proportional control is implemented for positioning the mirror at the desired angle and the experimental transient response is compared with the estimation curve obtained from VOLUME 8, 2020 the equation of motion. Finally, a visual feedback control that tracks the light of LEDs is demonstrated using the same system.
A. RESPONSE WITH THE VELOCITY CHANGE BY BURST WAVES
When the angular velocity is controlled by the burst wave, the applied voltages repeat on and off during the given driving time. The variation of the angular velocity caused by this repetition can be observed by another high-speed camera with a frame rate of 4000 fps (VW-9000, Keyence co., Japan). Fig. 6 shows an example of the angular velocity when the burst wave voltages have a period of 2 ms and a duty ratio of 0.4. During this experiment, an amplitude of A E = 100 V p-p and a frequency f E = 1005 kHz are constant. The rotor repeats a start and stop during the several periods and makes the angular velocity vibrational as estimated in Fig. 2(d) . Although this behavior is unsuitable for a very fast control within a few milliseconds, the averaged angular velocity or torque enables accurate positioning control.
Before demonstrating the control, let us examine the controllability by the burst wave. We examine how the average angular velocity and torque behave with the change in the duty ratio of the burst waves. The transient response of the angular velocity is measured by the high-speed camera, in which the image software tracks a marker attached to the mirror. The angular velocity and angular acceleration are calculated by time derivation of the displacement in subsequent images captured in the high-speed camera. The motor torque is estimated as the product of the moment of inertia and the angular acceleration. The angular velocity and torque are averaged because the first-order and second-order derivatives enlarge the error. Fig. 7(a) and (b) shows the relationship of the duty ratio with the average angular velocity and torque, respectively. A higher duty ratio obtains a higher angular velocity and torque. Experimental plots of the average angular velocity are almost on a linear approximated line. On the other hand, variation in averaged torques from the approximated line occurs. This is because the torque is estimated from the first several steps after the start of motion while the angular velocity is measured at the stable steady state.
B. VISUAL FEEDBACK CONTROL
Let us implement the control strategy into the visual feedback control system. The angle of the mirror is recognized by the high-speed camera and is fed back to the motor drive system. Two transient responses with and without p-control are shown when the desired angle of 90 • is given and voltages are applied (A E = 100 V p-p , f E = 1005 kHz). Fig. 8(a) shows the transient responses of the mirror/rotor angle without p-control. When the desired angle (dashed line) is given, the control PC sends the signal to drive the motor. In the case without p-control, as shown by plots, the angular velocity of the mirror rotor reaches the peak angular velocity within a few milliseconds. After the mirror angle reached to the desired angle, the control PC send a signal to stop the motion of the mirror, as with a bang-bang control. A large error occurs between the desired and present angles because of the delay time of the control system. Fig. 8(b) shows the motion with pcontrol. As the angle approaches the desired angle, the torque decreases based on the p-control shown in (4), and the angle positions at desired angle accurately. The transient response with p-control is in good agreement with the estimation curve shown in the solid line obtained from (7) . The model parameters for the estimation are shown in Table 1 . The torque τ peak is obtained experimentally. The natural angular frequency ω n is obtained by adjusting a proportional gain k p in (8) because the moment of inertia is determined by the rotor design. Fig. 9 confirms the repetition of the step response when the desired angle is given by intervals of 24 ms. It shows the good repeatability of the motion without overshoot. Due to the constant sampling frequency, the number of plots reduces and errors enlarge at the smaller desired angle. At a desired angle less than 6 degrees, the positioning error increases because of the lack of the sampling frequency. We show another demonstration using the visual feedback control system: It is a clock motion that moves the desired angle of 6 degrees clockwise every second. The mirror/rotor chases the desired angle quickly with p-control. (See a supplemental video clip: ''1. Clock second hand motion''). 
C. TRACKING EXPERIMENT
To demonstrate the visual feedback control, the rotating mirror tracks the movement of a light emitted by LEDs. Fig. 10 shows the setup for the tracking experiment: the rotating mirror is installed at a height of 85 mm and the five LEDs are aligned at intervals of 10 mm. The angle between the two LEDs is approximately 6.7 degrees. The total angle of the five LEDs is about 26.8 degrees. In the algorism, the desired position in the image is set to be the center of the field so that the target is tracked within the field of view. The computation time for image processing is within 1 ms.
When an LED turns off and another LED turns on, the control system sends a signal to spin the mirror and control the motor speed. Fig. 11(a) shows the high-speed camera view when the rotating mirror pointing LED1 moves to the light of LED2. In the first image at t = 0 ms, the LED1 lights and there is an unlighted LED2 in the right side of the view field. When LED1 is off and LED2 is on at t = 1 ms, the system recognizes the change and immediately spins the mirror until the light of LED2 places at the center of the image field. This motion takes approximately 5 ms from the start to the stop. Fig. 11(b) shows the camera view when the LED light moves with a time interval of 24 ms from LED1 to LED5 in order or vice versa. (The motion of the rotating mirror can be seen in another supplemental video clip: ''2. Tracking experiment''). Positioning errors are seen in the imagesthe light of LEDs is not at the center of the field of view. This is because the micro-ultrasonic motor still lacks high resolution. In principle, the ultrasonic motors using a piezoelectric drive have a very high resolution, but the micro-ultrasonic motor is sensitive to the friction between the stator and mirror.
V. CONCLUSION
In this paper, we achieved the first feedback control of the micro-ultrasonic motor and showed the feasibility of the miniature rotating mirror system with a quick and wide range of motion. The proposed rotating mirror system can change its rotational speed and spin the tiny mirror endlessly, unlike most MEMS mirrors with a limited range of motion. Whereas the optical lenses used in this paper are still large, they can be miniaturized in principle for usage inside endoscopes.
Our next goal is to integrate the miniature-rotating mirror to a new miniature optical system with small diameter lenses and a coaxial light source in the prototype with an inner diameter of 10 mm. Building a coaxial light source is important because the images obtained by the reflection of the tiny mirror lack a sufficient amount of light. In addition, as with the optical systems, a miniature image sensor with high sensitivity is important. In the past several years, high-sensitive image sensors have been developed for many camera applications. We will obtain a smaller image sensors with high sensitivity in the future. The positioning accuracy can be improved with the image processing because ultrasonic motors have high resolution. The technologies shown in this paper will bring benefits to a wide range of applications such as industrial endoscopic inspections and infrastructural in-pipe inspections.
